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SUMMARY  
This paper presents the findings of the most comprehensive program of study to date aimed at 
quantifying the number, size distribution and evaporation of droplets produced during 
virtually any expiratory activity. This international research program included teams of 
investigators from a number of universities, with each group contributing to essential aspects 
of the research. This research revealed many previously unknown aspects of expiratory 
aerosol dynamics and characteristics. This paper will focus on the findings that the time taken 
for expiratory droplets to achieve short term equilibrium is comparable to that for pure water 
droplets and that the droplet size distributions have distinct features reflecting specific 
production mechanisms whose intensity varies with the nature of the activity.  
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INTRODUCTION 
One area of critical importance in the transmission of viral diseases, which has until very 
recently attracted surprisingly little scientific interest, has been the science of virus transport 
from the point of release to the host organism. There are many pathways of virus transport, an 
important one of which is droplet infection by expiratory aerosols which occurs when aerosol 
droplets are generated and released during speech, sneezing, coughing etc.  
 
Droplets are formed by the flow shear forces generated by breathing, coughing, sneezing and 
vomiting. These droplets will generally travel only short distances before they evaporate to 
form droplet nuclei, generally less than 1-2 μm in diameter. Some diseases, such as influenza 
(Goldmann, 2000) are known to spread by droplet nuclei, and this has also been demonstrated 
as a pathway of spread for rhinoviruses (Myatt et al., 2003). Once airborne, virus particles are 
subjected to various atmospheric processes, similarly to other airborne aerosol particles. One 
key factor affecting transport of any aerosol particles is the particle size.  The size of 
individual virus particles ranges from about 17 to 300 nm. When aerosolized through the 
above mentioned processes, the size of droplets containing the virus are much bigger, of the 
order of just below one to a few micrometers. These droplets result from processes such as 
coughing or sneezing, with some number of respiratory droplets being even larger than this, 
possibly over 20 µm (Papineni. and Rosenthal., 1997), (Goldmann, 2000). In this size range 
other forces and processes play more important roles, including gravitational settling. It has 
been shown for example that the droplet spread occurs over distances less than one meter, as 
large droplets quickly settle out of the air (Goldmann, 2000).  However, other studies reported 
that the distance travelled by droplet particles could be much larger. A study of ferrets found 
that transmission of influenza from ill to susceptible ferrets occurred despite the ferrets being 
separated by a long straight air duct or by ‘s’ or ‘u’ shaped ducts (Andrewes and Glover, 
1941). It was considered that large respiratory droplets could not move around the bends of 
the ducts whereas the smaller droplet nuclei could. A mouse model study also supported the 
transmission of influenza via droplet nuclei (Schulman and Kilbourne, 1962). Thus the 
distance travelled by droplets containing viruses released by humans or animals can vary 
significantly, and the understanding of size distribution of droplets related to various release 
mechanisms, and what follows, their transport, is very limited. 
 
The research program has resulted in the development for the first time, of a system for 
investigating in real time, the size distribution of expiratory aerosols as they are produced. By 
applying this system to a statistically meaningful number of volunteers the current research 
program has accomplished the most comprehensive examination to date of the changes that 
occur in the expiratory droplet size distribution the aerosol leaves the subject and evolves 
through evaporation from its initial state in the supersaturated environment of the upper 
reparatory tract to a state of equilibrium with the ambient relative humidity. This work has 
also resulted in the first comprehensive analysis of the sites of origin of these aerosols and the 
characteristic droplet sizes associated with these sites. 
 
METHODS  
The overall research program has included the development of the Expiratory Droplet 
Investigation System (EDIS) and its subsequent application in a range of experiments 
designed to characterize expiratory aerosols ranging in size from manometers to millimeters 
and to examine droplet evaporation. The techniques available to characterize aerosols in 
different portions of this range are very different and each requires specialized skill and 
equipment. Therefore the program has consisted of three integrated campaigns of droplet size 
distribution characterization. Droplets in the size range from 10 nm to 20 micrometers which 
were the specific focus of the ILAQH QUT research group are also the focus of this paper. 
This work included measurements using the condensation particle counter and Ultra-violet 
Aerodynamic Particle Sizer (UV-APS). Measurements of droplet size distributions beyond 
the range of the UV-APS were conducted by the team from Department of Mechanical 
Engineering, Hong Kong University of Science and Technology using Interferometric Mie 
Imaging (IMI). Measurements of settled droplets which range up into the mm size range were 
performed by the team from The University of Hong Kong using deposition media. Modelling 
of the dynamics of air flow and droplet evaporation is being conducted by the team from Ben-
Gurion University in Israel. The findings of these studies are the topics of separate 
publications. 
 
All measurements were conducted in the EDIS which is illustrated in Figure 1. The EDIS was 
designed to enable measurements of the size distribution and concentration of droplets 
produced during expiratory activities. The EDIS consists of a modular wind tunnel which 
accommodates the head of a comfortably seated human volunteer within which a recirculating 
flow of HEPA filtered air. Aerosol instrument probes are located a selected distance 
downwind of the volunteer to measure aerosol concentration and size distribution at a well 
defined age based on distance and air flow velocity. The controlled clean airflow in 
combination with overpressure, ensures that all background particles are eliminated leaving 
only aerosols produced by the subject. 
 
 
Figure 1: Schematic diagram of the EDIS. 
 
Instrumentation 
The primary aerosol analysis instrumentation used included an Interferometric Mie Imaging 
(IMI) system (LaVision Sizing Master IMI), optical microscopy and a Scanning Electron 
Microscope (SEM). A UV-APS (TSI-3312A), which measures the aerodynamic diameter of 
particles in the diameter range 0.5-20µm. Total particle number concentration for all droplets 
larger than 10 nm was measured using two condensation particle counters, one being water 
based and the other butanol based (TSI models 3781 and 3010 respectively). Additional 
instrumentation included a relative humidity probe (Hygropalm Hycroclip) incorporated into 
the UV-APS probe tube to determine the water vapor concentration in the sample stream, a 
hot wire anemometer probe (TSI Velocicheck™ 8340) which determined the air velocity in 
the duct during aerosol measurements, and a digital oscilloscope used to determine delay 
between aerosol emission and sizing. The results reported are for droplets in the size range 
from 10 nm to 20 µm, which whey were obtained using the UV-APS and CPC with the EDIS. 
 
Measurement Protocol 
The study was fully scrutinised and cleared by QUT’s Human Research Ethics Committee. 
Volunteers were recruited on the basis of age (≤35 years), via a broadcast email invitation 
offering a small financial reward. They were instructed to self exclude if they were smokers, 
experiencing illness, asthma sufferers, had recently experienced respiratory problems or were 
likely to experience discomfort in confined spaces. The following expiratory activities were 
defined, and as discussed later, emphasize and contrast different aerosol production processes 
occurring during normal expiratory processes:  
• b-n-m: breathing in through the nose and out through the mouth 
• b-n-n: breathing in through the nose and out through the nose 
• aah-w-p: un-modulated whisper (whispered “aah”) with regular pauses for recovery to 
prevent drying of the mouth or labored breathing. 
• aah-v-p: un-modulated vocalization (voiced “aah”) with regular pauses for recovery 
• c-w-p: whispered counting with regular pauses for recovery 
• c-v-p: voiced counting with regular pauses for recovery 
• cough:. 
 
Statistical Analysis 
Comparisons were made using parametric or non-parametric statistical methods as 
appropriate. The 0.05 level of significance was used throughout and all reported p-values are 
two-sided unless otherwise stated. 
 
RESULTS AND DISCUSSION 
 
Modal diameter versus distance from subject 
In order to examine the evaporation of expiratory droplets as they leave the person a 
repeatable and relatively intensive aerosol generator activity was used. The voice activity 
referred to as aah-v-p meets these criteria. Figure 2 shows the droplet size distribution for 
“aah-v-p” aerosol collected at three distances from the probe entrance. The aerosol CMD 
shows a clear decrease with increasing distance of the subject from the probe. There are at 
least two possible explanations for this decrease. The aerosol may be undergoing dynamic 
evaporation, or the decrease may be due to differences in the equilibrium diameter of the 
droplets due to relative humidity (RH) differences (indicated in the key of Figure 2) at the 
three locations. 
 
A number of factors suggest that the decrease is due to the latter explanation. Consider the 
evaporation times for pure water droplets at the maximum RH. At the minimum achievable 
distance, the approximate time taken for the aerosol to reach the UV-APS sizing region is 0.8 
s. A 5µm droplet of pure water evaporates in 0.8s at 97% RH. A 3µm droplet will do so in 
less than 0.33 s. Thus, unless the solutes in the aerosol droplets greatly retard the evaporation 
process, 0.8 s is sufficient for the solute laden droplets to achieve their equilibrium size 
distribution even at the highest RH encountered at the -mouth. Therefore we can conclude 
that the aerosol was probably in hygroscopic growth equilibrium during each measurement. 
 
Further evidence can be discerned from the modal structure of the aerosol. Consider a 
situation, where the RH increases too fast for the droplets to remain in hygroscopic growth 
equilibrium. Then the modes will merge as the small diameter modes overtake the slower 
growing larger modes. Subsequent stabilization or reduction in RH will allow the modes to 
again separate. Such increase and subsequent decrease occurs as the exhaled air firstly reaches 
the cooler upper parts of the expiratory tract just prior to the release from the mouth or nose 
and followed by the subsequent dilution that occurs after release in the ambient air (McRae et 
al. 1995; Marini and Slutsky, 1998; McFadden et al. 1985; Montuschi, 2007). The extent of 
these effects will depend on the extent of the initial merging of the modes before release and 
therefore on the residence time in the supersaturated environment in the upper expiratory tract 
during exhalation.  
 
In summary, a multimodal aerosol will preserve its equilibrium modality during slow RH 
changes that maintain equilibrium, but the modes will separate during dynamic evaporation 
and merge during the reverse situation of dynamic growth due to condensation.  
 
Two modes were identified in the distribution and denoted 1 and 2. We will denote the count 
median diameter for mode n, when measured at distance d, as Dn,d and we will refer to the 
ratio Rn,d1→d2=Dn,d2/Dn,d1 as the diameter reduction factor for mode n, associated with 
moving the measurement position from distance d1 to d2. The diameter reduction factors 
(R1,0→300mm = 0.737 and R2,0→300mm = 0.65) for modes 1 and 2, respectively, are 
similar at the distances 0 mm and 300 mm. As discussed earlier, this similarity would be 
expected if the two modes were in hygroscopic growth equilibrium and had similar 
hygroscopic growth properties.  
 
 
Figure 2: Size distribution of sustained voice aerosol collected at three distances from the 
probe mouth. The corresponding RH values at the probe mouth are also shown. 
 
Modality and concentration versus activity 
We divided the process of voiced speech into components with the potential to produce 
aerosol during speech. We recorded the aerosol size distribution associated with each of these 
elements by comparing the aerosol produced during different component combinations. The 
components are: 
 
1. The exhalation of breath. Breath may contain aerosol produced simply by breathing. 
Production of droplets in the expiratory airflow, could occur anywhere in the 
expiratory tract either during inspiration or expiration. 
2. Exhalation through partially adducted vocal folds (whispered or un-voiced “aah”). The 
narrowing of the opening between the mucus bathed folds may result in aerosol 
production due to the increased air velocity at this restriction during exhalation. The 
aerosol size distribution in this case will include any aerosol from normal breathing as 
well as any from the vocal apparatus. 
3. Aerosol may be produced during exhalation through the vibrating mucus coated vocal 
folds during vocalization. The aerosol size distribution in this case may be a 
combination of normal breath aerosol, vocal fold adduction aerosol and vocal fold 
vibration aerosol. 
4. Exhalation through the oral cavity during speech modulation through movements of 
the mouth lips and tongue may also produce aerosol from the saliva which is always 
present in the mouth. Also present may be breath aerosol, vocal fold adduction 
aerosol, and vocal fold vibration aerosol, depending on whether the subject whispers 
or voices words during the activity. 
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Figure 3 shows the particle number concentration averaged over all subjects for each activity.  
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Figure 3: Average number concentrations for all subjects of the particle number 
concentration for 0.542≤D≤20 µm for each activity. 
 
Figure 4 shows the average particle size distribution for each activity averaged over all 
measurements for all subjects with the dilution corrected to represent concentration at in the 
lower expiratory tract during expiration T0 = 37˚C and RH0 = 100%6. Here we are showing 
only the concentration at the source for the purposes of comparison. Production rates will be 
discussed in subsequent publications. 
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Figure 4: Average particle number size distribution for some activities, corrected for dilution 
to represent concentrations in the expiratory tract. 
It is interesting to note that aerosol is produced simply through normal breathing. Figure 4 
shows the centre of this mode is at approximately 0.85 µm. Regular background 
measurements clearly show that the aerosol present during breathing originates from the 
expiration of breath.  
 
As evident in Figure 3 a clear increase in number concentration occurs when expiration 
involves vocalization compared to the equivalent activity without vocalization. Comparison 
of the size distributions for aah-v and aah-w in Figure 4 shows that additional aerosol modes 
appear in the 2-3 µm range during the vocalized version of this activity. Although not as 
clearly defined a similar difference exists between whispered and vocalized speech. The 
finding of additional modes accompanied by increased aerosol concentration during 
vocalization implies that we are seeing the appearance of aerosols produced by the vibration 
of the vocal chords.  
 
Careful analysis of the size distribution changes has also suggested an additional saliva or oral 
mode at and above 10 µm which is emphasized during speech modulated by mouth lip and 
tongue movements, although the droplet number are very small compared to the breath and 
vocal modes. 
 
CONCLUSIONS 
Dynamic evaporation for expiratory aerosol has been shown to occur with comparable speed 
to that for pure water droplets of similar size. This implies that the solutes present in these 
fluids do not dramatically retard the time taken for the aerosol to evaporate to its equilibrium 
size distribution at least when considering times scales of the order of seconds. This however 
does not rule out further drying out of the droplets over minutes or hours.  
 
The work has isolated three distinct aerosol production processes which are evident during 
common expiratory activities. These include a breath mode aerosol with a CMD below 1µm, 
a vocal chord vibration aerosol with CMD near 3 µm and a possible saliva aerosol mode near 
10 µm. The existence of these distinct modes has important implications for infection control 
as the site of origin will influence the amount of infectious material released during expiratory 
activities depending on the pathogen content of the bodily fluids prevalent at the production 
sites.  
 
This work in conjunction with the work of the two Hong Kong based teams and the modeling 
Israeli modeling team is resulting in a very comprehensive analysis of the evaporation and 
modality of the full size distribution of these expiratory aerosol from the nm to the mm range. 
These findings are providing a sound scientific basis for a broader research program which 
encompasses investigation of the potential and actual pathogen load of these aerosols when 
expired by infected subjects and the potential viability of these pathogens when carried by the 
aerosols to distant sites which share a common air resource. 
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